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Coupling protein stability and protein function in Escherichia
coli CspA
Brian J Hillier*, Hector M Rodriguez and Lydia M Gregoret
Background: CspA is a small protein that binds single-stranded RNA and DNA.
The binding site of CspA consists of a cluster of aromatic amino acids, which
form an unusually large nonpolar patch on the surface of the protein. Because
nonpolar residues are generally found in the interiors of proteins, this cluster may
have evolved to bind nucleic acids at the expense of protein stability.
Results: Three neighboring phenylalanines have been mutated singly and in
combination to leucine and to serine. All mutations adversely affect DNA binding.
Surprisingly, all mutations, and especially those to serine, are destabilizing.
Conclusions: The aromatic cluster in CspA is required not only for protein
function but also for protein stability. This result is pertinent to the design of
β-sheet proteins and single-stranded nucleic acid binding proteins, whose
binding mode is proposed to be of aromatic—aromatic intercalation.
Introduction
Globular proteins typically have nonpolar amino acid
residues in their cores and polar residues on their exteriors.
Furthermore, it is generally believed that protein folding is
driven by this partitioning of sidechains — namely by the
sequestration of nonpolar residues away from aqueous
solution [1,2]. It is evident that there is considerable evolu-
tionary pressure on proteins to maintain nonpolar residues
at core positions [3,4], and the burial of polar sidechains is
highly unfavorable [5,6].
Although the solvent-exposed exterior of a globular
protein tolerates both polar and nonpolar sidechains [4],
hydrophobic functional groups are well distributed and
continuous nonpolar patches larger than 350 Å2 are rare
[7]. The surface of the Escherichia coli major cold shock
protein, CspA, is exceptional. This small, monomeric, all
β-sheet protein of only 69 amino acids [8,9] has one very
large, continuous nonpolar patch of 790 Å2. Six aromatic
residues contribute to this patch (Figure 1). These
residues are highly conserved [10] and form the nucleic
acid binding site of the cold shock proteins [9,11]. The
large nonpolar patch formed by these residues could be
detrimental to the stability of CspA because the energetic
cost of solvating the nonpolar residues in the unfolded
state will not be compensated for in the folded state.
Thus, it may have evolved to serve an exclusively func-
tional purpose. This is indeed what is predicted by the
‘stability–function hypothesis’ first proposed by Meiering
et al. [12] and further developed by Schreiber et al. [13]
and Shoichet et al. [14]. This theory states that protein
stability is not maximized, but rather that there is a
balance between stability and function and residues
which contribute to ligand binding or catalytic activity
may be suboptimal for stability.
We have examined the correlation between ligand binding
and protein stability for CspA. Three neighboring phenyl-
alanine residues (18, 20 and 31) in CspA were substituted
with leucine and serine, both singly and in combination.
Leucine was chosen because substitution of phenylalanine
for leucine is conservative: it is a fairly large nonpolar amino
acid. The leucine sidechain is aliphatic, however, and the
Phe→Leu mutation thus destroys favorable aromatic inter-
actions both within the protein and, potentially, between
the protein and the bases of a single-stranded nucleic acid
molecule. Serine is a radically different amino acid from
phenylalanine in that it is small and polar. Although pheny-
lalanine is one of the best β-sheet forming residues, serine
is still a reasonably good β-sheet former [15,16]. Mutation to
serine should reduce the nonpolar area of the surface patch,
but not entirely sacrifice the β-forming propensity. Instead
of creating only single substitutions, we have made all com-
binations of mutations (seven each in the case of leucine
and serine). This allows us to investigate the role of the
three aromatic residues as a whole. For example, a single
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serine substitution may be destabilizing because it intro-
duces a polar group among aromatic sidechains, but multi-
ple serine substitutions may overcome this destabilization
by interacting favorably with each other, as predicted by a
study of residue–residue interactions in β sheets [17], or by
interacting favorably with the solvent. The complete set of
leucine substitutions allows us to calculate the interaction
energy between aromatic rings.
Surprisingly, we find that the solvent-exposed aromatic
cluster in CspA is important for protein stability as well as
for DNA binding. We propose that the aromatic cluster
serves a dual purpose in stabilizing the β-sheet structure
of the protein and in binding nucleic acids. 
Results
Circular dichroism spectra of CspA mutants
Phenylalanines 18, 20 and 31 of CspA were mutated both
singly and in combination to leucine and to serine. These
mutants are identified by three sequential one-letter
codes designating the identity of the residues at posi-
tions 18, 20 and 31, respectively. For example, wild-type
CspA is denoted FFF and a double mutant with leucine
substitutions at positions 20 and 31 is denoted FLL.
The far-UV CD spectrum of wild-type CspA is dominated
by the preponderance of aromatic residues and is thus
positive in the peptide-bond region [18,19]. Because the
mutants differ in the number of aromatic residues, the CD
spectra of the aromatic cluster mutants do not resemble
wild-type CspA (Figure 2). Most mutants do appear struc-
tured, however, and the spectra of mutants with fewer
phenylalanines exhibit minima at ~217 nm, characteristic
of β-sheet structure [20]. The spectra of analogous pairs of
leucine and serine mutants resemble one another, sug-
gesting that the spectral differences compared with wild-
type CspA result from folded conformations that are
similar to one another. The only matched pairs of spectra
that differ qualitatively from each other are LLF and SSF,
and LLL and SSS. In these cases, the spectra of the serine
mutants appear to have a greater random coil contribution:
they have a minimum in the same region (∼205 nm) as
seen for thermally denatured CspA. As discussed below,
these mutants are also the least stable and may be partially
unfolded at 10°C.
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Figure 2
Far-UV CD spectra of CspA mutants in 50 mM potassium phosphate,
100 mM KCl, pH 7. All spectra were recorded at 10°C unless
indicated. (a) Leucine mutants. (b) Serine mutants. See Results
section for notation of mutants.
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Figure 1
A ribbon diagram of Escherichia coli CspA. Sidechains are shown for
Trp11, the fluorescent probe, and the three phenylalanines under
investigation (Phe18, Phe20 and Phe31). This drawing is based on the
X-ray coordinates of Schindelin et al. [8] and was prepared using the
RIBBONS program [54].
Equilibrium stability of CspA mutants
The stabilities of the 14 aromatic cluster CspA mutants
were determined by urea denaturation and monitored by
fluorescence spectroscopy. In all cases, mutation of any of
the three aromatic residues destabilizes CspA (Table 1 and
Figure 3). Single leucine substitutions cost 0.3–1.0 kcal/mol
in free energy at 25°C. Of the three residues, Phe18 is the
most critical for maintaining stability. 
Single serine substitutions were found to be even more
destabilizing than leucine substitutions, with free energy
penalties of 1.0–1.5 kcal/mol. Adding more serines does
not restore any stability. The double and triple serine sub-
stitution mutants were so severely destabilized that the
urea titration had to be carried out at 10°C due to the lack
of an observable folded baseline at 25°C.
The dependence of the free energy of unfolding on urea
concentration in the transition region (i.e. the slope of the
curve in Figure 3) is given by the meq value, which is pro-
posed to be correlated with the change in solvent-exposed
surface area between the unfolded and folded states [21].
With the exception of mutant LFF, which has an meq value
of 0.80, all the leucine mutants have meq values close to the
wild-type value of 0.71 kcal/mol M, suggesting that the
folded and unfolded states of the CspA mutants interact
with the solvent in a similar manner to the wild-type
protein. The serine mutants, however, have meq values
10–20% larger than wild-type CspA, suggesting that they
are more completely denatured by urea in the unfolded
state. This is the same trend Shortle and coworkers [22,23]
observed for polar substitutions of buried nonpolar residues
in staphylococcal nuclease and suggests that there could be
some clustering of the aromatic residues in the denatured
state of wild-type CspA as well as in the native state.
DNA binding by mutant proteins
The bacterial cold shock proteins have been shown previ-
ously to bind to both single-stranded DNA and RNA in
vitro [9,11,24,25]. These proteins do not exhibit strong
sequence specificity and binding is relatively weak, but
quantitative measurements of binding affinity have not
been made until now. We investigated the affinity of all the
single-substitution mutants and the triple-leucine mutant
for the single-stranded deoxyoligonucleotide 5′-CTTGA-
GGTTAATCCA-3′ by fluorescence spectroscopy. This
oligonucleotide binds with comparable affinity to CspA as
the 24-mer studied by Newkirk et al. ([9]; data not shown).
Binding quenches the fluorescence of Trp11, thereby
allowing the quantitation of binding affinity as described by
Equations 2 and 3 (see the Materials and methods section).
The binding of the CspA mutants to the oligonucleotide
are shown in Figure 4 and Table 2. The 15-mer oligo-
nucleotide binds to CspA with a dissociation constant of
6 µM. Oligonucleotide binding to all seven CspA mutants
is reduced compared with wild-type CspA. Mutants con-
taining leucine substitutions have higher affinity for the
oligonucleotide than serine substitutions, suggesting that
nonpolar interactions contribute to binding. Of the three
residues investigated, Phe20 is the most critical: in both
the leucine and serine mutant series, substitution of Phe20
affects the binding constants most strongly.
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Table 1
Stability parameters of CspA mutants determined by
equilibrium urea denaturation. 
Temperature ∆GH2O meq Cm
Protein (°C) (kcal/mol) (kcal/mol M) (M)
FFF 25 3.00 ± 0.15 0.71 ± 0.04 4.20 ± 0.10
FFF 10 2.92 ± 0.11 0.59 ± 0.05 4.95 ± 0.10
FFL 25 2.34 ± 0.10 0.72 ± 0.04 3.27 ± 0.07
FLF 25 2.69 ± 0.16 0.71 ± 0.05 3.77 ± 0.03
LFF 25 2.00 ± 0.07 0.80 ± 0.04 2.49 ± 0.05
FLL 25 2.52 ± 0.05 0.70 ± < 0.01 3.62 ± 0.06
LLF 25 2.12 ± 0.03 0.72 ± 0.01 2.93 ± 0.02
LFL 25 1.44 ± 0.06 0.72 ± 0.01 2.00 ± 0.06
LLL 25 2.12 ± 0.06 0.66 ± 0.01 3.22 ± 0.05
FFS 25 1.97 ± 0.03 0.80 ± 0.01 2.47 ± 0.02
FSF 25 1.84 ± 0.02 0.78 ± 0.01 2.36 ± 0.01
SFF 25 1.46 ± 0.02 0.76 ± 0.01 1.91 ± 0.02
FSS 10 1.96 ± 0.11 0.84 ± 0.05 2.33 ± 0.01
SSF 10 0.95 ± 0.10 0.74 ± 0.01 1.30 ± 0.11
SFS 10 1.53 ± 0.09 0.83 ± 0.05 1.84 ± 0.01
SSS 10 1.15 ± 0.09 0.88 ± 0.01 1.31 ± 0.13
All reported values are the average of three trials with the exception of
the serine mutants SSF, SFS and SSS, which are the average of two
trials. The errors reported for these mutants are the range of the two
values. See Results section for notation of the mutants.
Figure 3
Urea denaturation of wild-type CspA leucine mutants at 25°C (5 µM
CspA in 100 mM KCl, 50 mM potassium phosphate, pH 7.5)
monitored by fluorescence spectroscopy with excitation at 280 nm and
emission at 349 nm.
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Energetics of aromatic–aromatic interactions
The geometry and energetics of nonbonded interactions
between aromatic sidechains in proteins have been thor-
oughly characterized [26,27]. These interactions are com-
mon and are predicted to be energetically favorable. The
orientations of each of the three pairs of phenylalanines
can be described by the aromatic ring centroid–centroid
distance and the dihedral angle between the planes of the
rings. These distances and angles are 7.7 Å and 82° for
Phe18–Phe20, 5.5 Å and 34° for Phe 18–Phe31, and 6.0 Å
and 75° for Phe20–Phe31. According to Burley and
Petsko [27], distances of 4.5–7 Å and angles between 30°
and 90° are preferred and indicative of an interaction.
The interaction energy between pairs of amino acid
sidechains in a protein may be determined using double-
mutant cycle analysis [28,29]. If there is an energetic inter-
action between two sidechains, it will be reflected in a
difference in the free energies of unfolding when one of
the sidechains is removed (i.e. mutated) in the presence of,
rather than in the absence of, its interacting partner. In
other words, in the case of a favorable interaction, the cost
of breaking the interaction by mutating one partner should
be greater than when that partner has already been elimi-
nated by mutation. Two assumptions of the mutant cycle
method are that the substitutions do not cause structural
rearrangement and that the substitutions do not introduce
new interactions. Typically, this analysis is performed by
making single and double alanine substitutions. We rea-
soned, however, that phenylalanine to leucine mutations
are less likely to cause structural rearrangements, such as
rotations of neighboring sidechains, than phenylalanine to
alanine substitutions. (We cannot perform this analysis
with the serine mutants because of the possibility of intro-
ducing new hydrogen bonds). Furthermore, both phenyl-
alanine and leucine are branched at the γ carbon. The
substitutions therefore specifically test the interaction
between the aromatic rings. By this analysis, the inter-
action energy between the aromatic rings of the phenylala-
nine residues in CspA is small but favorable (Figure 5).
The interaction between the aromatic rings of residues 20
and 31 is the strongest — of the order of 0.5–0.6 kcal/mol.
The interaction energy between Phe18 and Phe20 is com-
parable (0.4–0.5 kcal/mol). An interaction between the aro-
matic rings of residues 18 and 31 is not detected, however.
This interaction, although ideal in ring–ring distance, has a
suboptimal dihedral angle. All of our observed interaction
energies are at or below the lower bound of what has been
predicted (0.6–1.3 kcal/mol [27]) and also lower than what
has been observed previously (1.3 kcal/mol [30]). The
earlier mutant cycle analysis on a pair of tyrosines in
barnase by Serrano and coworkers [30] used alanine as the
reference residue. The apparently weaker interactions we
observe may be due to the fact that leucine is our reference
amino acid. Nonpolar interactions up to the δ carbons are
retained. Thus, the coupling energies should reflect only
the aromatic portion of the interaction and may therefore
be smaller than the predictions.
In the case of three interacting residues, the interaction
energies between each of the three possible pairs of
sidechains and the third remaining residue may also be
determined by comparing opposing faces of a ‘mutant
cube’ ([28,31]; Figure 5). We do not find that there is any
significant three-way coupling between this triad of
phenylalanines, as the value of ∆Gcoupling is very small
(0.1 kcal/mol) and within experimental error.
Discussion
The stability–function hypothesis
It has been postulated that proteins have not evolved to
be maximally stable, but rather that stability and function
90 Folding & Design 1998, Vol 3 No 2
Figure 4
Binding of CspA and its mutants to single-stranded DNA (6 µM CspA
in 100 mM KCl, 50 mM potassium phosphate, pH 7.5) monitored by
fluorescence spectroscopy with excitation at 295 nm and emission at
350 nm. Data for individual titrations are shown along with the fit to
that data.
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Table 2
DNA binding affinity of CspA mutants.
Protein KD (µM)
FFF 6 ± 1
FFL 19 ± 1
LFF 23 ± 6
FLF 55 ± 14
LLL 142 ± 42
FFS 66 ± 6
SFF 68 ± 5
FSF 91 ± 5
are balanced [12–14]. This hypothesis predicts that it
should be possible, in most instances, to stabilize a protein
by replacing functionally important residues. In fact, this
is what has been observed in studies on barnase [12],
barstar [13], T4 lysozyme [14], CRABP [32], thioredoxin
[33,34], cro repressor [35] and a number of other proteins
summarized in [14]. In the case of T4 lysozyme, a protein
for which the energetic consequences of mutating hun-
dreds of residues are known [36], some of the most stabi-
lizing single substitutions discovered to date involve
substitution of active-site residues [14]. Although the
nucleic acid binding site of CspA contains an unusually
large nonpolar surface patch, we have demonstrated that,
in addition to having a functional role in single-stranded
DNA binding, these residues are also critical for maintain-
ing the stability of CspA. Mutations of any of the three
analogous phenylalanine residues in Bacillus subtilis CspB
to alanine also result in decreases in protein stability [37]
and DNA-binding affinity [11]. Our data support the sta-
bility–function hypothesis to the extent that the energetic
effects on binding and stability are not directly correlated
residue for residue: Phe20 is most critical for binding
whereas Phe18 is most critical for stability. Both phenyl-
alanines, however, clearly contribute to both attributes.
The small size of the bacterial cold shock proteins (69 and
67 amino acids for CspA and CspB, respectively) may
require protein stability and ligand binding to be specified
by intersecting sets of residues.
Solvent-exposed hydrophobic cluster
Residues 18, 20 and 31 are on the surface of CspA, but
they behave more like hydrophobic core residues with
respect to mutation [6] and they tolerate substitution by
leucine better than by serine. Although the nonpolar
cluster in CspA is somewhat unusual in terms of its size
and functional importance, the occurrence of nonpolar clus-
ters on the surfaces of proteins has been noted previously
[38]. In the case of chymotrypsin inhibitor 2, such a cluster
was shown to be stabilizing [39]. Tisi and Evans [38] have
observed that hydrophobic surface patches occur in several
small proteins, particularly those with β-barrel architec-
tures like CspA. They postulate that these clusters are
involved in nucleating folding and may help to rapidly fix
the register of neighboring β strands, much in the same way
that the main hydrophobic core of the protein does. This
idea is especially provocative in the light of the observation
that the cold shock proteins CspA and CspB fold very
rapidly [19,40]. Furthermore, aromatic–aromatic interactions
are known to stabilize antiparallel β sheets [17,41].
There is no correlation between stability and solvent acces-
sibility for the three positions studied. Of the three resi-
dues, Phe20 is the most buried, exposing only 10% of its
accessible surface area (compared with phenylalanine in
the central position of an extended tripeptide), whereas
Phe18 and Phe31 expose 23% and 33% of their surfaces,
respectively. Mutation of Phe20, however, is the least dele-
terious, causing a decrease in stability of only 0.3 kcal/mol
when substituted by leucine. This result emphasises the
idea that no single property can necessarily predict the
outcome of a mutation [42]. The solvent accessibility of a
residue may be only one parameter that, in combination
with others such as conformational preference and packing,
can yield reliable predictions [42–44].
Implications for design
We have demonstrated that a cluster of aromatic residues
on the exterior of E. coli CspA, a small, single-stranded
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Figure 5
Double-mutant cycle analysis of positions 18,
20 and 31. The free energy differences
(kcal/mol) between mutants are shown
alongside the arrows and are computed from
values in Table 2. The interaction energies
(∆Gint; kcal/mol) are calculated as the
differences in free energy between parallel
arrows. The coupling energies between a pair
of residues and a third residue (∆Gcoupling;
kcal/mol) are shown between cycles.
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nucleic acid binding protein, is important for protein sta-
bility as well as for binding. This finding has implications
for both the engineering of single-stranded nucleic acid
binding proteins, which could be useful as translational
regulators, and for the de novo design of proteins. There
are now several examples of unrelated proteins that bind
single-stranded RNA using aromatic residues on the faces
of their respective β sheets [45]. Stability and function
may have co-evolved in these other RNA-binding pro-
teins as well. Studies aimed at changing the specificity of
such proteins may require careful attention to issues of
stability. Furthermore, it may also be possible to stabilize
β-sheet proteins by creating small aromatic clusters on
their surfaces.
Materials and methods
Cloning and mutagenesis
The gene for CspA was created synthetically and cloned into the vector
pAED4 [46], in which protein expression is controlled by a T7 promoter.
The N-terminal end of the gene was designed to code for the polyhisti-
dine affinity tag/tobacco etch virus (TEV) protease recognition
sequence MHHHHHHDYDIPTENLYFQ. The resulting plasmid is called
pBH2. The N-terminal residue of proteolytically cleaved CspA was engi-
neered to be Ser2, because the N-terminal methionine of the wild-type
protein is known to be removed in nature and upon overexpression [9].
Mutations were introduced using cassette mutagenesis between the
AgeI and BsrGI restriction sites. Two separate double-stranded oligonu-
cleotide cassettes were synthesized with mismatches at the codons for
residues 18, 20 and 31. One cassette had mismatches resulting in muta-
tions to serine and the other had mismatches resulting in mutations to
leucine. Mutants were identified from these combinatorial libraries by
DNA sequencing [47].
Protein purification
Cells with the plasmid containing the cspA gene of interest were grown
to an OD600 of 0.6 then induced with 1 mM isopropyl-thio-β-D-galacto-
side (IPTG) for 3 h. From an original culture volume of 3 l, the cell pellets
were resuspended in 40 ml of Buffer A (6 M GdnHCl, 0.1 M NaH2PO4,
10 mM Tris, pH 8.0) and stirred at room temperature for 1 h. The lysate
was cleared by centrifugation at 15,000 × g and the supernatant loaded
on a 1 ml Ni-NTA column (Qiagen) equilibrated with Buffer A. The column
was washed with 100 ml of Buffer A. The protein was eluted with 10 ml
of Buffer F (6 M GdnHCl, 0.2 M acetic acid) and dialyzed against 4 l of
dialysis buffer containing 10 mM Tris, 200 mM KCl, 10% w/v glycerol,
1 mM EDTA pH 8, and then into 4 l of buffer containing 10 mM Tris,
100 mM KCl, 5% glycerol and 0.1 mM EDTA at 4°C.
The histidine tag and TEV protease recognition site were cleaved by incu-
bating the CspA variants with enough TEV protease to free all the variants
from their affinity tags in a 2 h incubation at 30°C. The left-over tag and
protease (which also carries an H6 tag) were removed by loading the reac-
tion onto a 2 ml Ni-NTA column equilibrated in the same buffer at 4°C. The
tag-free CspA does not bind to this column but flows through. The CspA
variants were then dialyzed into Buffer B (50 mM potassium phosphate,
100 mM KCl, pH 7) with two exchanges. The extinction coefficient of
wild-type CspA was calculated to be 8437 M–1 [19].
Circular dichroism
Far-UV CD denaturation experiments were performed on an Aviv Associ-
ates (Lakewood, NJ, USA) model 60DS instrument. Proteins were at a
concentration of 50 µM in Buffer B. A 1 mm path length cuvette was
used. Spectra were recorded from 195 nm to 260 nm. Data were col-
lected every nanometer, with a 5 s averaging time and 1.5 nm bandwidth.
Five wavelength scans were averaged to obtain each spectrum.
Urea denaturation monitored by fluorescence
Fluorescence measurements and urea titrations were performed using a
Spex Fluoromax-2 fluorescence spectrometer as described previously
[19]. The urea stock solutions were prepared fresh daily and the con-
centrations were calculated by index of refraction [48] using a Bausch
and Lomb refractometer. To obtain values for ∆GH20, the extrapolated
unfolding free energy in the absence of denaturant and meq (the depen-
dence of ∆G on urea concentration) a two-state transition was
assumed. The relative changes in fluorescence intensity with increasing
urea concentration were calculated using the Pace method [49] as
described previously [19]. The urea concentration at the midpoint of
denaturation, the Cm, is given by:
(1)
DNA binding
The binding of the oligonucleotide to CspA and its mutants was moni-
tored by the quenching of the intrinsic tryptophan fluorescence using a
Spex Fluoromax-2 fluorimeter. An oligonucleotide with the sequence
5′-CTTGAGGTTAATCCA-3′ was synthesized on a Millipore Expedite
nucleic acid synthesizer and deprotected by standard methods. The
concentration of the oligonucleotide was determined using the extinc-
tion coefficient ε260 of 141.6 cm–1 M–1. Concentrated DNA was titrated
into a cuvette containing 6 µM CspA in Buffer B. A fluorescence emis-
sion spectrum was collected after each titration point and the intensity
at 350 nm was used to determine quenching as follows:
(2)
where Q is quenching, I0 is the emission intensity in the absence of
DNA, and Iobs is the observed emission intensity. The observed intensity
was corrected for dilution. A mock titration was performed with free tryp-
tophan, a compound assumed to not interact with the oligonucleotide, in
order to determine the correction for the inner filter effect [50].
The decrease in fluorescence intensity was assumed to be proportional
to the concentration of the bound complex. The quenching data were
fitted to the following equation assuming a single binding site:
(3)
where [PL] is the concentration of the protein–oligonucleotide
complex, Pt is the total protein concentration, [L] is the oligonucleotide
concentration, and KD is the dissociation constant.
Solvent accessibility calculations
Computation of the size of the continuous nonpolar surface patches
were performed on the X-ray coordinates of CspA [8] using the ASC
method of Eisenhaber and coworkers [51,52]. Fractional solvent acces-
sibility calculations on individual residues were computed using the
program ACCESS by Handschumacher and Richards which imple-
ments the Lee and Richards algorithm [53]. The contact areas were nor-
malized by the accessible contact area of phenylalanine as the central
residue in an extended tripeptide. 
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